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ARTICLE INFO ABSTRACT 


Four CrN coatings were deposited on 316L stainless steel by multi-arc ion plating. The tribological behaviors 
of the CrN coatings were investigated by ball-on-disk tribometer in seawater. The microstructure and wear 
track were investigated by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and 
profilometer. The result shows delamination is critical to wear failure of CrN coatings in seawater and micro- 
cracks play an important role in the evolution of delamination. The most effective approach to eliminate the 
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delamination is fabricating a proper multilayer structure, which could limit crack propagation only to the 
layer. A comprehensive wear model is established. 


1. Introduction 


Some crucial frictional components of marine equipment, such 
as pump, hydraulic system, valve, gear, shaft and propeller, have to 
directly operate in seawater environment [1]. Their safety, relia- 
bility and service life greatly depend on the tribological perfor- 
mance in harsh marine environment. Thus, it is imperative to imp- 
rove the tribological performance of marine frictional components. 
One of the most effective approaches is to take advantage of 
advanced coatings with good lubrication and protection effects 
in seawater [2]. 

PVD CrN coatings have wide industrial applications as protective 
layers for varied tools due to high hardness, good wear resistance, 
anti-corrosive and anti-adhesive properties in the past years [3-5]. 
For instance, the samples coated CrN exhibited the higher wear 
resistance compared to the uncoated AISI H13 and 316 steel when 
sliding in air [6]. The CrN coatings have been deposited on 2024Al 
alloy to enhance the tribological performance in water [7]. In oil 
lubricating environment, the PVD CrN coating performed better 
than hard chrome plating under reciprocating sliding [8]. Moreover, 
CrN coating can improve erosion-corrosion resistance in slurries [9] 
and anti-corrosion properties of AISI 304 in 3.5 wt% NaCl electro- 
lytic solution [10]. 
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However, there was a lack of work on the tribological behavior 
of CrN coating in seawater and their wear mechanisms in seawater 
were still obscure. In this study, CrN coatings were successfully 
fabricated by multi-arc ion plating system and the corresponding 
tribological properties in seawater were investigated. In order to 
reveal the tribological mechanism and provide feasible approaches 
to control the corresponding wear failure, a comprehensive wear 
model is established for the CrN coatings in seawater. 


2. Experimental 


The CrN coatings were fabricated by multi-arc ion plating system 
(Hauzer Flexicoat 850). As the substrates, the 316L stainless steel 
samples (30mm x 20 mm x 2 mm) were polished to a surface 
roughness Ra of 50 nm, and ultrasonically cleaned in acetone and 
ethanol in succession and dried with a blower. The samples were 
mounted on holder at 10 cm in front of the targets and applied with 
a negative bias during deposition. Prior to deposition, the chamber 
was pumped down to a base pressure below 4 x 107° mbar. There- 
after, the substrates were etched by Art bombardments for 2 min 
with substrate bias voltages of —900 V, — 1100 V and —1200V, 
respectively, to remove thin oxide layer and other adherent impu- 
rities on the substrates. During coating deposition, the substrate 
table rotation speed was 3rpm and three chromium targets 
(purity > 99.5 wt%, ®63 mm) were sputtered. The target current of 
65 A, deposition time of 4h and deposition temperature of 400 °C 
were applied for all coatings depositions. The N2 flowrate was 


350 sccm for the CrN layer deposition and Ar flowrate was 350 sccm 
for Cr layer deposition in all the experiments. Different gas and 
substrate bias were used for depositing different CrN coatings, as 
shown in Table 1. The CrN1 coating was obtained at substrate bias 
of —5 V. The CrN2 coating was obtained at substrate bias of — 50 V. 
The CrN3 coating with a Cr interlayer was first deposited in pure Ar 
atmosphere for 10 min, then in Nz atmosphere for 230 min. The Cr/ 
CrN multilayer coating was obtained by alternative deposition of Cr 
layer and CrN layer. The Cr layer was deposited for 2 min and the 
CrN layer for 10 min. The deposition steps of Cr and CrN layers were 
setup as one block. The block was repeated for 20 times to form 
multilayer coating. All coatings were simultaneously deposited in 
the same coating batch on silicon (1 0 0) wafer, which were used for 
microstructure observation. The coatings deposited on 316L were 
used for mechanical and tribological tests. 

The microstructure and wear track of the coatings were inves- 
tigated by field emission scanning electron microscope (FE-SEM) 
(FEI Quanta FEG 250) equipped with EDS (OXFORD X-Max). Wear 
tests were performed with a reciprocating ball-on-disk tribometer, 
in sliding contact with WC balls at room temperature of 20+5 °C 
and relative humidity of 70 + 5%. The WC ball, with a diameter of 
3 mm, was used as counterparts due to its high hardness and good 
corrosion resistance in seawater. The artificial seawater was pre- 
pared according to Standard ASTM D 1141-98. The chemical 
composition of artificial seawater was listed in Table 2. UMT-3MT 
tribometer (CETR, USA) was used to evaluate the friction and wear 
characteristics of the sliding couples. A stroke frequency of 5 Hz, a 
constant normal load of 5N and sliding stroke of 5mm were 
applied in the experiments and the friction coefficient was con- 
tinuously recorded during testing. The wear track depth profiles 
were detected by Alpha-Step IQ profilometer. Nanoindentation tests 
were carried out on a MTS Nano Indenter@G200 system fitting with 
a Berkovich indenter and using the continuous stiffness measure- 
ment (CSM) mode. 10 indentations in each sample configured on 
different areas were performed to have reliable statistics. 

The coatings adhesion was investigated by scratch tester 
(CSM Revetest) with a conical diamond tip of 0.2 mm radius and 
120° taper angle. The measurements parameters were as follow: 
table speed 6 mm/min, loading scale 0-100 N and scratch length 
3mm. The acoustic emission was collected when the coatings 
were broken and the load at the point of breaking was called the 
adhesive critical load (LC). 

The corrosion behavior of as-deposited coatings was evaluated 
by polarization tests (Modulab, Solartron Analytical) in seawater. A 
standard saturated calomel electrode (SCE) was used as a reference 
electrode and platinum was used as a counter or auxiliary electrode 
in the test. The contact area was 1 cm? and the tests were carried 
out at ambient temperature (20 + 5 °C). The electrode potential was 
raised from —0.9 to 0.5 V at a scanning rate of 2 mV/s. 


Table 1 
Condition of different CrN coatings. 


Coatings CrN1 CrN2 CrN3 CrN4 
Interlayer - - Cr - 
Bias voltage (V) —5V —50V —50V —50V 
Gas N2 N2 Ar and N2 Ar and N2 
Thickness of coatings (um) 6.2 5.8 6.3 5.9 

Table 2 


Chemical composition of artificial seawater. 


Constituent NaCl Na-S04 MgCl, CaCl 


Concentration C/(g/L) 24.53 4.09 5.20 1.16 


3. Results and discussion 
3.1. Friction behaviors of the CrN coatings in seawater 


Fig. 1 showed the friction coefficients of the CrN coatings and 
uncoated 316L sliding against WC balls in seawater, illustrating an 
excellent lubricating effect of the as-deposited coatings. The 
friction coefficient of 316L stainless steel sliding against WC balls 
fluctuated around 0.3 in seawater, but it could be reduced to 
around 0.18 by the coatings. The friction coefficients for CrN 
coatings possessed similar features: first increased rapidly, after 
reaching its highest value the friction coefficients gradually 
decreased to the relative steady-state stage. The first part (stage I 
in Fig. 1) represented run-in period with rapid increase of the 
value, which could be attributed to solid-solid contact between 
tribo-pairs. The solid-solid contact could be easily formed if the 
sliding interface was unsmooth. As shown in Fig. 2, there were 
many white particles on the coatings surface. The microparticles 
with small size distributed dispersedly on the coatings, having a 
conical shape and protruding out of the coatings surface, resulting 
in the rough surface of the coatings. The number of microparticles 
for CrN1 was the largest and decreased sharply with the bias 
voltage increasing. The large number of microparticles on the 
surface of CrN1 could explain the relative higher friction coeffi- 
cient in the first stage than other coatings depicted in Fig. 1. The 
microparticles were from droplets emitted from the arc spots of 
the Cr targets [11]. The interaction of incident ions and the 
growing coating might lead to the removal of loosely bound 
microparticles, therefore reducing the surface roughness Ra with 
high bias voltage [12]. The higher residual stress and increased 
atom mobility at the bombarded surface might also result in a 
reduction of the growth of microparticles with increasing bias 
voltage [13]. The ‘welded’ junctions were formed at the peaks of 
the microparticles due to high-localized pressure [14]. Thus, the 
adhesive wear might dominate the wear mechanism at the 
beginning of sliding, which led to the high friction coefficient [15]. 

The second part (stage II in Fig. 1) was rapid wear stage with 
decreasing friction coefficient. The decrease after run-in period 
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Fig. 1. Friction coefficients of the CrN coatings sliding against WC balls in seawater. 
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Fig. 2. Surface morphology of coatings: (a) CrN1, (b) CrN2, (C) CrN3, (D) CrN4. 


arose from rapid wear of ball and coating, which caused the 
interface between tribo-pairs becoming smoother and reducing 
the solid-solid contact region, therefore increased hydrodynamic 
lubrication provided by the water condensation from the ambient 
{16]. Moreover, the wear debris between the tribo-pair might act 
as rolling ball to decrease the friction coefficient. Thus, the friction 
coefficients decreased in seawater after the run-in period. 

The third part (stage III in Fig. 1) was steady wear stage with 
lower friction coefficient. The period was the result of smooth 
interface and ‘rolling balls’. To further illustrate the friction 
behavior during the period, the SEM images of wear tracks for 
CrN4 after sliding without ultrasonic cleaning were investigated. 
As shown in Fig. 3, there were wear debrises on the wear track and 
the coating near wear track. A few cavities were also observed in 
the wear track. Some large particles on the coating surface were 
pulled out during sliding, resulting in deep holes whose depth 
exceeded the maximum wear depth, thus the cavities remained in 
the wear track. The debrises might be the microparticles on the 
coating surface pulled out during sliding, which can be accelerated 
by the corrosion effect of seawater on the binding. The micro- 
particles were not expelled out of the wear track immediately, but 
wrapped by the lubricative media and act as rolling balls inside the 
wear track. Thus made the wear process smoother and presented 
the steady and low friction coefficient in this period. The friction 
coefficient in this period presented no large difference between 
the four coatings. The homogeneous CrN phase sliding against WC 
balls in seawater resulted in similar friction coefficients for CrN1, 
CrN2 and CrN3. The multilayer coating also presented similar 


Fig. 3. SEM image of wear track for CrN4 after sliding without cleaning. 


value, which could be attributed to two reasons. First of all, the 
multilayer structure could prevent crack propagation and make 
the sliding smoother. On the other hand, the incorporation of Cr 
phase in the multilayer coating could result in high friction 
coefficient value because the friction coefficient for Cr phase was 
usually higher than CrN phase [17]. As a result, the two effect 
balanced and the value was similar to other coatings. 


3.2. Wear behaviors of the CrN coatings in seawater 


Wear track image of CrN1 coating in seawater was shown in 
Fig. 4a. Combining with Fig. 4b, the wear track mainly contained 
plough grooves and fracture holes, indicating that the wear of CrN 
coating in seawater might arise from micro-plough and local 
delamination. It was clear that the plough grooves were narrow 
and shallow, while the delaminations were wide and deep. Details 
of delamination for CrN1 coating sliding in seawater were inves- 
tigated by wear track profile (scan line I) and EDS analysis (region 
III), as shown in Fig. 4c and d. As seen from Fig. 4c, the maximum 
wear depth (6.5 um) exceeded the coating thickness (6.2 um), 
revealing that the wear failure of the coating occurred, which 
sustained by the EDS spectra. The sign of substrate Fe element 
could be detected easily in the region (Fig. 4d). It demonstrated 
that the CrN1 coating partly peeled off the substrate under cyclic 
stress in combination with the corrosion effect of seawater. Thus it 
could be proposed that the delamination was significant to the 
durability of the CrN coating in seawater due to its great contribu- 
tion to wear failure. 

To illustrate the formation of the coating fracture during sliding, 
Fig. 5 showed the propagation of micro-crack in seawater environ- 
ment. When CrN1 coating mating with WC ball slid in seawater, 
coating cracks were propagated below the sliding surface. Under 
repetitive sliding, seawater could penetrate into the crack. The 
coating elements at the crack tip were activated and Cl could 
accelerate the dissolution of the atoms in seawater [18]. As a result, 
the bonds between the coating atoms at the crack tip were greatly 


weakened. This would promote the propagation of the crack and 
accelerate the generation of fracture [19]. On the other hand, the 
seawater penetrating into the cracks could induce a wedging action 
due to its hydrostatic pressure [20] (Fig. 5a). The wedging action, 
cooperating with the corrosion effect of the seawater, could cause 
the subsurface cracks to further propagate (Fig. 5b) and accelerate 
the fracture of wear sheets, finally promote the delamination 
(Fig. 5c). Thus, the coating fracture was formed under the sliding 
action in seawater. 


3.3. Influence of coating density and interlayer on the wear of CrN 
coatings in seawater 


According to previous work, the high density was significant to 
improve the wear resistance of CrN coatings in seawater [21]. 
Fig. 6 showed the cross-sectional morphology of CrN1, CrN2 and 
CrN3 coatings with different densities. It could be seen from 
Fig. 6a, the cross-sectional morphologies showed an obvious 
columnar feature for CrN1 coating. But the columnar features 
would decrease as the bias voltage increased to the high range 
(Fig. 6b and c). Since cracks might exist at interfaces of particles or 
columnar crystals, distinct columnar crystals indicated a loose 
coating structure, while few columnar crystals suggested a dense 
coating. As seen from Fig. 6, it could be considered that CrN1 was 
the loosest one among these coatings, CrN2 was denser than CrN1. 
The change in coating structure could be explained by the ion 
energy change. The increase of substrate bias resulted in an 
increased ions mobility. The highly mobile adatoms can move or 
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Fig. 4. Wear track of CrN1 coating (a) surface morphology, (b) fracture holes, (c) depth profile and (d) EDS analysis. 
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Fig. 5. Formation of wear pit: (a) crack ignition, (b) crack propagation, (c) wear 
sheet delaminated. 


diffuse into the inter-grain voids under the high energy ion 
bombardment, break down the large columnar grain growth. 
Therefore, a denser structure was attained [22]. As the wear failure 
for CrN1 sliding in seawater environment was demonstrated to 
occur at the interface between coating and substrate, Cr was 
chosen as an interlayer to improve the anti-wear property of CrN 
coatings under this environmental. The Cr interlayer with dense 
structure could be observed in Fig. 6c. 
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Fig. 6. Cross-sectional morphologies of CrN coatings: (a) CrN1, (b) CrN2, (c) CrN3. 


Figs. 7 and 8 showed the wear tracks of CrN2 and CrN3 coatings 
sliding in seawater environment. Clearly, many fracture pits were 
observed on the wear track both in Figs. 7 and 8. However, as seen 
from wear track profiles in the figures, CrN2 and CrN3 coatings with 
relatively denser structures didn’t fail of work though the distinct 
local delamination could be observed. Moreover, the maximum 
depth of wear track for CrN3 coating (3.5 pm) was slightly less than 
CrN2 coating (4 um), indicating positive effect of Cr interlayer on 
reducing the wear depth. The presence of a Cr interlayer had been 
demonstrated to reduce drastically the residual stress in the CrN 
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coating and therefore inhibit the propagation of cracks [23]. 
Furthermore, CrN/Cr/steel structure had been demonstrated con- 
siderably increasing the corrosion resistance and reducing the 
weaken effect on the binding in chloride solution [24]. 


3.4. Influence of multilayer structure on the wear of CrN coatings 
in seawater 


To further reduce the delamination on the wear track, the 
multilayer structure Cr/CrN coating was developed, as shown in 
Fig. 9. A dense and compact multilayer structure, without obvi- 
ous pores and cracks, was observed. There was no delamination 
between coating and substrate or between layers. The Cr and CrN 
layers were alternating in growth direction and the modulation 
period of multilayer was about 300 nm. Fig. 10 showed the SEM 
images of wear track on CrN4 coating. No obvious flake pit was 
observed on the wear track and the maximum wear depth was 
about 0.75 um. As mentioned before, the fracture pits were formed 
due to the crack propagation. However, the multilayer structure 
could break the columnar growth of the layer and limit the crack 
propagation only to the layer. Thus the flake pits could be cont- 
rolled according to the crack propagation model in Fig. 5. On the 
other hand, the multilayer structure could reduce the residual 
stress due to interfacial stresses release [25], resulting in less crack 
in the coating and enhancing the wear resistance. Thus the frac- 
ture pits disappeared on the wear track of multilayer coating. 
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Fig. 7. Wear tracks of CrN2 coating (a) surface morphology, (b) flake pits, (c) depth profile and (d) EDS analysis. 
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3.5. Influence of mechanical properties on the wear of CrN coatings 
in seawater 


Fig. 11 showed a typical acoustic emission-load graph of the coa- 
tings. The acoustic emission fluctuation was related to coating frac- 
ture. LC1 was corresponding to first crack of the coatings detected by 
acoustic emission signal. The Lc1 for CrN4 was higher than other 
coatings, indicating higher adhesion force in this coating-substrate 
system. The adhesion was critical to delamination when the adhesion 
strength was high for the substrate [26]. The high adhesion could 
also explain that there were no obvious flake pits in the wear track of 
CrN4 coating. 

To evaluate the total wear loss of the coatings, the wear track 
profiles of the relative smooth region should be also taken into 
consideration. The profiles were obtained in the relative smooth wear 
track (scan line II in Figs. 4, 7 and 8, scan line I in Fig. 10), as shown in 
Fig. 12. There is no obvious flake pit in this region, thus the wear-loss 
might be mainly caused by abrasive wear. The wear track depth was 
relative higher for CrN1 than other coatings and was lowest for CrN3. 
There was no large difference in the depth between CrN2 and CrN4 
coatings. It can be attributed to two factors: mechanical properties 
such as hardness and micro-defects. Sliding in the artificial seawater 
is a typical tribocorrosion system, in which corrosion and wear 
degrade materials by both mechanical and chemical processes [27]. 
In a tribocorrosion system, the passive layer could be easily disin- 
tegrated or removed by tribo-balls sliding, producing a track of clean 
surface exposed to corrosive environment. The corrosive medium 
activated the coating and causes anodic dissolution during sliding, 
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Fig. 8. Wear tracks of CrN3 coating: (a) surface morphology, (b) flake pits, (c) depth profile and (d) EDS analysis. 


Fig. 9. Cross-sectional morphologies of the CrN4 coatings. 


increases the wear-loss. The increased wear-loss induced more cracks 
and accelerated the corrosion speed. As a result, a positive synergism 
effect between corrosion and wear (tribocorrosion) led to the higher 
wear rates in seawater. However, the main mechanism for the wear- 
loss of the CrN coating was dominated by mechanical wear in C17 
solution [28]. The mechanical wear (abrasive wear) was great affected 
by hardness. Fig. 13 showed the hardness of the CrN coatings with 
maximum indentation depth of 1500 nm. According to the curves, the 
hardness of CrN2 and CrN3 coatings, about 28 + 3 GPa, was relative 


higher than CrN1 (26 + 2 GPa). However, the hardness for the multi- 
layer coating (26+ 3 GPa) was also lower than those of CrN2 and 
CrN3, which could be attributed to the incorporation of the soft Cr 
layer. Thus, the CrN1 coating with relative lower hardness and looser 
structure, possessed the highest wear depth. However, the wear 
depth could be reduced by either enhancing hardness (CrN2) or 
densifying structure (CrN4). Consequently, the CrN3 coating with high 
hardness and dense structure possessed the lowest wear depth in the 
smooth region. 


3.6. Corrosion properties 


The polarization tests were carried out to evaluate the anodic 
dissolution of coatings during sliding in seawater. Fig. 14 showed 
that the coatings decreased the anodic current densities compar- 
ing to 316L. As ceramic coatings were chemically inert in neutral 
media, it protected the substrate if the coatings were free of 
defects such as cracks and pinholes. However, the formation of 
these defects in ceramic coatings was almost impossible to avoid 
totally. It was observed that the anodic current density value of 
CrN4 was lower than those of other coatings. It could be attributed 
to the denser structure and less cracks and pinholes of the coating. 
The passive-like behavior was observed for the CrN coatings. The 
passive film mainly contained Cr, N and O elements and filled the 
cracks and pinholes during the tests, therefore improved the 
corrosion response. However, wear might destroy the protective 
passive film during sliding. The wear-loss caused by corrosion or 
wear accelerating corrosion might be relative lower if the anti- 
corrosion properties of the coatings were as good as passive films, 
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Fig. 10. Wear tracks of CrN4 coating: (a) surface morphology, (b) cavity, (c) depth profile and (d) EDS analysis. 
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Fig. 11. Scratch test results of CrN coatings: (a) CrN1, (b) CrN2, (c) CrN3 and (d) CrN4. 
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Fig. 12. Wear tracks profile of the CrN coatings sliding in seawater in smooth 
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Fig. 13. Hardness curve of the CrN coatings with maximum indentation depth of 
1500 nm. 
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Fig. 14. Polarization curves of the CrN coatings in seawater. 


since the anti-corrosion property of CrN coatings was as good as 
Cr203 in Cl ion solution [29]. According to literature [30], the wear- 
loss caused by corrosion can be negligible compared to mechanical 
wear during sliding. 


3.7. Wear model of the CrN coatings in seawater 


From the wear tracks of CrN coatings in Fig. 4, it could be 
concluded that the wear failure of CrN coatings in seawater was 
mainly characterized by local delamination. Fig. 15 illustrated the 
wear mechanism of CrN coatings with typical Cr interlayer sliding in 
seawater with ball-on-disc contact. Picture A showed the model of 
contact between tribo-pair in micro-scale, and picture B showed the 
mechanism of wear loss for the coating. Due to the low viscosity of 
seawater and relative low sliding speed, the contact type between 
balls and coatings in seawater should be assigned to the mixed 
regime including partial hydrodynamic lubrication regions and partial 
solid-solid contact regions in micro-scale as shown in picture A in 
Fig. 15. Absolutely, the unavoidable solid-solid contact could lead to 
the abrasive wear. From Fig. 4, slight plough grooves could be 
observed inside the wear scar. But the abrasive wear was not the 
main factor to wear failure of CrN coatings in seawater, as the plough 
grooves seemed relatively shallow, which could be attributed to the 
high hardness of the CrN coatings. However, the abrasive wear also 
contributed to wear loss of the coating during the sliding, as show in 
Fig. 12. As seen from Fig. 4, the wear failure of CrN in seawater must 
be mainly assigned to the local delamination. Pieces of coatings would 
peel off under reciprocation sliding in combination with the wedging 
action and corrosion effect of seawater, as shown in Fig. 5. There were 
two kinds of microparticles, one could be easily peeled off during 
sliding in seawater; another was deformed and adhered to the coating 
surface under normal force, as shown in Fig. 10b. 


3.8. Control wear failure of CrN coatings in seawater by structure 
design 


The delamination was significant to the durability of the CrN 
coating sliding in seawater as demonstrated above. Thus the feasible 
method to control the wear failure of CrN coatings in seawater should 
be reducing or eliminating the local delamination. According to the 
discussions above, micro-cracks played an important role in the 
evolution of delamination for CrN coatings sliding in seawater. One 
feasible way to control the delamination might be reducing micro- 
cracks by increasing coating density. It was observed that CrN1 with 
the loosest structure wore out in seawater. However, CrN2 did not 
wear failure though the wear track of the coating showed large 
fracture pits. With the addition of Cr interlayer, the CrN3 exhibited a 
better anti-wear performance with less fracture pits and lower wear 
track depth comparing with CrN2. However, the delamination was 
not eliminated even when the coating density increased and the 
interlayer was added. The most effective method to eliminate 
delamination of CrN coatings in seawater might be preparing a 
multilayer coating with dense structure. Since the wear failure was 
demonstrated to occur via the crack propagation. The multilayer 
structure could limit the crack propagation only to the layer and 
reduce the residual stress, which reduced the micro-defects in the 
coating. Consequently, the multilayer structure could control the 
fracture effectively. As seen from Fig. 10, no obvious delamination 
was observed in the wear track of CrN4, which was prepared as an 
alternative multilayer structure. So fabricating the proper multilayer 
structure, which could work as an effective barrier to prevent the 
penetration of seawater and limit the cracks propagation, could 
eliminate the delamination of CrN coatings in seawater. 


4. Conclusions 


Four CrN coatings with different structures were successfully 
fabricated by multi-arc ion plating system. The as-deposited CrN 
coatings exhibited better friction behavior than 316L in seawater. 
Wear mechanism of CrN coatings was characterized by abrasive wear 
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Fig. 15. Wear model of the CrN coatings sliding against WC ball in seawater. 


and local delamination. The delamination was critical to wear failure 
of CrN coatings in seawater if the coatings were not prepared 
properly. Micro-cracks played an important role in the evolution of 
delamination and several methods were proposed to reduce the 
micro-cracks. One was increasing coating density by increasing the 
deposition bias voltage. Another was adding a Cr interlayer to the CrN 
coating. However, the most effective approach to eliminate the 
delamination was applying a proper multilayer structure, which could 
limit the crack propagation only to the layer and reduce cracks in the 
coating. Therefore, the multilayer structure could prevent the local 
delamination effectively during sliding in seawater. 
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